Neurogenesis persists in the adult hippocampus, where several thousand neurons are born every day. Most of the newly generated cells are eliminated by apoptosis, possibly because of their failure to integrate properly into neural networks. The BH3-only proteins Bim and Puma have been shown to mediate trophic factor withdrawal-and anoikis-induced apoptosis in various systems. We therefore determined their impact on proliferation, survival, and differentiation of adult-generated cells in the mouse hippocampus using gene-deficient mice. Wild-type, bim-, and puma-deficient mice showed similar rates of precursor cell proliferation, as evidenced by 5-bromo-2-deoxyuridine (BrdU)-incorporation. Deficiency in either bim or puma significantly increased the survival of adult-born cells in the dentate gyrus (DG) after 7 days. Consistently, we detected increased numbers of doublecortin (DCX)-positive and fewer terminal deoxynucleotidyl transferase-mediated dUTP nick end-labelled-positive cells in the DG of bim-and puma-deficient mice. Bim and puma deficiency did not change early markers of neuronal differentiation, as evidenced by BrdU/DCX double-labelling. However, BrdU/NeuN double-labelling revealed that deficiency of bim, but not puma, accelerated the differentiation of newly generated cells into a neuronal phenotype. Our data show that Bim and Puma are prominently involved in the regulation of neuronal progenitor cell survival in the adult DG, but also suggest that Bim has an additional role in neuronal differentiation of adult-born neural precursor cells.
In the adult brain of rats, mice, and humans, specific areas retain their neurogenic capacity and generate new cells throughout life. 1 One of these areas is the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG). 2 Here, neuronal and glial progenitor cells as well as neurons in different stages of development and maturation are found within a structure of about three cells width. 3, 4 From here, the cells migrate only short distances into the granule cell layer (GCL), 5 where they adopt the morphological characteristics of granule cells 1 and extend axonal projections to neurons within the CA3 region. 6 During this process of adult hippocampal neurogenesis, a substantial number of new cells are generated every day, but their survival remains heavily restricted by apoptotic demise. 7 Within about 3 weeks after birth, almost 50% of the newly generated cells in the rat hippocampus die. 8 The most prominent death rates occur in those populations that have left the cell cycle, become postmitotic, and express the markers DCX and calretinin. 9, 10 Similarly, high rates of apoptotic turnover of adult-generated, postmitotic cells have been observed in the olfactory bulb. 11 Although the generation of new neurons and their apoptotic obliteration are working in opposite directions, these processes are believed to form a careful balance to control cell numbers in the target regions of neurogenesis. Once the cells survive 2-3 weeks beyond their exit from cell cycle, their survival tends to remain essentially stable. 12 The mitochondrial pathway is an important determinant in the apoptosis of adult-generated cells of the DG. 10, 13 Most apoptotic signalling pathways culminate in the formation of pores in the mitochondrial outer membrane, a process that leads to the activation of caspase-dependent and -independent apoptosis. Proteins of the Bcl-2 family guard over the execution of apoptosis by regulating the integrity of the mitochondrial outer membrane. A key role in the initiation of mitochondrial outer membrane permeabilisation has been shown for Bax and Bak, proteins that physically constitute the release channel in the outer mitochondrial membrane. 14 Bax-deficient mice have been shown to have greatly reduced apoptosis in neurogenic regions and an increased number of DG cells. 10 Similarly, it has been shown that overexpression of the anti-apoptotic Bcl-2 protein significantly decreased apoptotic cell death in the GCL of the DG and also led to an increased total number of granule cells. 13 The pro-apoptotic signalling pathways and upstream initiators of progenitor apoptosis, however, remain largely unknown. Induction of the mitochondrial apoptosis pathway requires the stress-induced activation of the Bcl-2 homology domain 3 (BH3)-only proteins. More than 10 BH3-only proteins have been identified to date, which vary in their ability to induce apoptosis and in their mechanism of activation and integration in stress-induced apoptosis pathways. Much attention has been drawn to their mechanisms of activation and regulation of apoptosis, but so far it is unknown which BH3-only proteins control the fate of newly generated cells in the adult CNS.
Bim and Puma are two of the most potent BH3-only proteins that have been equally implicated in growth factor withdrawaland matrix-detachment-induced apoptosis. [15] [16] [17] [18] [19] [20] In the following study, we therefore explored the role of Bim and Puma proteins on fate determination of adult-generated cells in the hippocampus, using bim-and puma-deficient animals.
Results
Bim and puma deficiency increases the number of DCX-positive cells in the adult DG. As it is known that about 80% of adult generated cells in the hippocampal DG undergo apoptosis and only a small cohort of cells mature into neurons, we were interested in determining the fate of neuronal stem cells in mice deficient in the pro-apoptotic BH3-only proteins Bim or Puma. To this end, we labelled brain sections of wt, bim þ /À, bimÀ/À, and pumaÀ/À mice (n ¼ 5) at an age of 10-12 weeks with the neuronal progenitor cell marker DCX ( Figure 1a ) and evaluated the number of DCX-positive cells within the DG (Figure 1b ). DCX-positive cells were predominantly found along the 2-3 cell layer wide SGZ. By their morphology, DCX-expressing cells could be divided into two stages of development, type 2b and type 3 cells. Although younger type 2b cells are orientated parallel to the SGZ (Figure 1a , arrowhead), older type 3 cells change their morphology to a horizontal orientation, extend long apical processes into the GCL, and undergo neuronal differentiation (Figure 1a , open arrowhead). Interestingly, bim or puma deficiency resulted in a significant increase in the number of DCX-positive cells (Figure 1b , bimÀ/À 160.4±9.5 and pumaÀ/À 143.8±12.6 versus wt 71.4±14.2 and bim þ /À 98.2 ± 13.5 per slice), suggesting that the lack of those genes is correlated with an increased presence of neuronal progenitor cells in the adult DG.
Bim and puma deficiency increases survival of newly generated cells. To assess whether the increased number of DCX-positive cells was a result of increased proliferation of a progenitor cell population within the SGZ or increased survival of neuronal progenitor cells, mice (n ¼ 5 per genotype) were injected with 50 mg/kg 5-bromo-2-deoxyuridine (BrdU) daily on 4 consecutive days. Nuclear incorporation of BrdU was assessed either after 24 h (24 h survival group) or else 7 days later (7-day survival group). The brain cells were stained for BrdU by immunohistochemistry and the number of BrdU-positive cells was evaluated using microscopy (Figure 2a ). Cell counts of BrdUpositive cells within the 24 h survival group revealed no significant difference between different genotypes (data not shown). After 7-day survival, the number of BrdU-positive cells in the wt group was significantly lower compared with the 24 h wt survival group (Figure 2b , 24 h survival group 19.2±1.8 cells/10 mm section versus 7-day survival group 12.4 ± 2.3 cells/10 mm section, P ¼ 0.027). These data suggested that about 35% of the newly generated cells had succumbed to apoptosis after 7 days. Interestingly, there was no significant reduction in BrdU-positive cells in the bim À/À or puma À/À mice after 7 days of survival, (bimÀ/À 24 h survival group 29.9 ± 2.6 versus 7-day survival group 27.3±1.3, puma À/À 24 h survival group 24.3±2.6 versus 7-day survival group 26.1 ± 3, data expressed as cell number/10 mm section), suggesting that the newly generated cells were protected by the deficiency of either of the two pro-apoptotic gene knockouts.
There was also a statistically significant difference of BrdU-positive cells in the 7-day survival group of bimÀ/À and pumaÀ/À mice compared with wt and bim þ /À animals. No BrdU incorporation was observed in the nuclei of GFAPpositive cells independent of the genotype (Supplementary Figure 4 ). Taken together, these results suggest that both Bim and Puma regulate the survival of newly generated cells in the adult hippocampus, and suggest that the increase in DCXpositive cells in the bim-and puma-deficient animals was a result of increased survival of neuronal progenitor cells rather than an increase in their proliferation rates.
Apoptosis is decreased in the DG of bim-and pumadeficient mice. To confirm that a diminished apoptotic rate was responsible for the survival of BrdU-positive cells in bimÀ/À and pumaÀ/À mice, brain sections from mice of all genotypes were terminal deoxynucleotidyl transferasemediated dUTP nick end-labelled (TUNEL) for apoptotic DNA strand breaks ( Figure 3a ). Positive cells were evaluated within the SGZ and GCL. Statistical analysis revealed that apoptosis was greatly reduced in the DG of bimÀ/À and pumaÀ/À mice compared with the wt mice ( Figure 3b , Po0.02). Nuclei counts on Hoechst-labelled brain sections also showed that bimÀ/À and puma-deficient mice tended to have more cells in the DG compared with wt mice; however, this did not reach the level of statistical significance ( Supplementary Figure 1) . These results further supported our observation that the deficiency in Bim and Puma proteins increased the survival of neuronal precursor cells.
Bim, but not puma, deficiency accelerates neuronal differentiation. We next addressed the question which phenotype BrdU-positive cells presented within bim-and puma-deficient animals after 24 h and 7 days of survival. Double-labelling with BrdU and the neuronal precursor cell marker DCX or the mature neuronal marker NeuN was performed on sections of bimÀ/À, bim þ /À, pumaÀ/À, and wt mice, and double-labelled versus BrdU-only positive cells were counted in the SGZ and GCL. As expected, 24 h after BrdU treatment, about 80% of BrdU-positive cells expressed DCX, indicating that those cells were transiently amplifying progenitor cells (Figure 4a and b). There was no statistically significant difference in the number of BrdU/DCX-positive cells between wt and bim-or puma-deficient mice. At the same time, only a few newly generated cells already expressed NeuN in wt mice (Figure 5a and c). Interestingly, there was a significant increase in the proportion of cells expressing NeuN in the bimÀ/À mice compared with the wt mice in the 24-h survival group. This effect also appeared to be gene dose dependent, suggesting that neuronal development was accelerated by the lack of bim (wt 12.8% ± 0.3 versus bim þ /À 20.3% ± 2.4 Po0.05 and versus bimÀ/À 34%±2.1, Po0.001, data represent % BrdU/NeuN double-labelled cells of 100% BrdU-positive cells). It is noted that there was no difference between wt and puma À/À mice in the 24-h survival groups, indicating that the observed effect was specific to bim deficiency.
We further analysed the fate of BrdU-positive cells after 7-day survival. In wt and pumaÀ/À mice, around 32-33% of BrdU-positive cells expressed DCX. In contrast, we observed a tendency towards a reduced proportion of DCX-positive cells to 24% (±4.5) in bim þ /À and 18% in bim À/À (±2.2) mice ( Figure 6a and Supplementary Figure 2 ), which, however, did not reach the level of statistical significance compared with wt mice.
After 7 days of survival, NeuN was expressed up to the same percentage of BrdU-positive cells throughout the different genotypes (wt 88%±1.6, bim þ /À 89%±2.2, bimÀ/À 91% ± 4.2, pumaÀ/À 89% ± 2.2) ( Figure 6b and Supplementary Figure 3 ). Hence, these data show that Bim has neural functions in addition to the regulation of cell survival, and may inhibit the differentiation of adult-generated neuronal precursor cells in the hippocampus. 
Discussion
Apoptosis is an essential process during tissue differentiation and tissue homeostasis. In the nervous system, it is required for establishing optimal levels of connectivity between neuronal and other cell populations, eliminating nonfunctional and aberrant cells or connections, and regulating the size of the progenitor pool. 2 A massive expansion of neural precursor cells and severe distension of the cranium was observed in mice deficient in proteins essential for the execution phase of apoptosis (caspase-3, caspase-9, and APAF-1). Pathological apoptosis within the adult neural precursor cell population may be linked to cognitive impairments and psychiatric disorders. 21 In this study, we have determined that two upstream initiators of stressinduced apoptosis, the BH3-only proteins Bim and Puma, have an important role in the survival of newly generated cells in the DG of the adult mouse hippocampus. Furthermore, we show that the BH3-only protein Bim may also influence the differentiation of neuronal precursor cells, a separate function unrelated to its regulation of neuronal precursor survival. This finding may add Bim to the growing list of Bcl-2 family proteins that have additional 'daytime' functions other than the regulation of apoptosis. Deficiency in bim or puma resulted in significantly less apoptosis and increased the survival of neuronal precursor cells in the adult mouse hippocampus. Our data also suggest that their deficiency did not directly influence cell proliferation. The moderate increase in BrdU-positive cells within the 24-h survival group of bimÀ/À and pumaÀ/À mice, although not statistically significant from wt mice, is most likely explained by a survival effect rather than an enhanced proliferation rate. BrdU was administered over a period of 4 days, and previous studies have shown significant and linear rates of apoptosis in cells of the GCL already occurring within the first days following administration of BrdU. 8 During adult neurogenesis, a great surplus of cells is generated, of which about 60-80% die shortly after the birth of a new neuron. 7 Unlike during embryonic development, expression levels of most members of the pro-and antiapoptotic Bcl-2 protein family are downregulated in the adult brain. 22, 23 However, their expression appears to be retained in neurogenic regions, as shown for Bcl-2 and Bim. 24 Bim has previously been shown to be essential for trophic factorand matrix detachment-induced cell death in the nervous system, 16 stress conditions that may also have a role in the apoptosis of neuronal progenitor cells. The pro-apoptotic activity of Bim is regulated on a transcriptional and posttranslational level, and the mechanism of Bim activation may depend on the type of death stimulus. Bim has been reported to be present in non-apoptotic cells bound to dynein, and the post-translational activation of Bim to involve its phosphorylation by c-jun N-terminal kinase, causing its release from dynein and translocation to mitochondria to induce apoptosis. 25 However, bim is also transcriptionally activated during trophic factor withdrawal-induced apoptosis. In viable cells, the binding of growth factors to their tyrosine kinase receptors results in the activation serine/threonine kinases of the Akt family. 26 Akt phosphorylates members of the FoxO transcription factor family, which causes FoxO to relocate to the cytosol for proteasomal degradation. Trophic factor withdrawal leads to FoxO dephosphorylation and transcription of its target genes, including bim. Regulation of bim expression may also involve E2F1-dependent gene de-repression in neurons deprived of growth factors. 27 In this context, it is also interesting to mention that E2F1À/À mice show less hippocampal progenitor proliferation, less postnatal neurogenesis, and less apoptosis. 28 In contrast to Bim, Puma appears to be activated predominantly by transcriptional mechanisms. Puma is a well-established p53 target gene, 29 but can also activate apoptosis independent of p53. 18, 20, [30] [31] [32] Similar to bim, the transcription of puma can also be activated by E2F1, 33 and Puma has been shown to contribute to trophic factor withdrawal-induced apoptosis in non-neuronal cells. 18, 30 Puma deficiency has previously been shown to protect cultured telencephalic neural precursor cells from p53-dependent genotoxic cell death. 20, 31 Our data indicate that puma is also required for the physiological cell death of neuronal progenitor cells in vivo.
Consistent with our results, the study by Sun et al. 10 showed that deficiency of the pro-apoptotic protein Bax resulted in a complete absence of apoptosis within the DG as well as an increased occurrence of cells positive for neuronal progenitor markers in vivo, suggesting a dramatic improvement of progenitor apoptosis. In our study, the levels of TUNEL-positive cells in the DG of bimÀ/À or pumaÀ/À mice were reduced by about two-thirds. This incomplete protection observed in our study might highlight the upstream and potentially distinct roles of Bim and Puma within stressinduced apoptosis signalling cascades. A double knockout for bim and puma could possibly address the question whether other BH3-only proteins or alternative apoptosis pathways contribute to neuronal progenitor apoptosis; however, crossbreeding of bim-and puma-deficient mice results in significant embryonic lethality (authors' unpublished data).
It is noted that in this work we present evidence that bim deficiency results in a gene dose-dependent increase in the proportion of NeuN-positive cells within the pool of cells that have recently undergone mitosis, suggesting that physiological Bim levels inhibit neuronal differentiation. Alternative functions of Bcl-2 family proteins other than cell death regulation have been reported for several members. Earlier studies have implicated Bcl-2 in proliferation and neuronal differentiation. 34 Bcl-2 has also been suggested to affect cell cycle re-entry from G 0 and to prolong G 1 phase. It is noted that Bcl-2 also promoted axonal outgrowth of retinal ganglion cells, and that this mechanism was shown to be independent from anti-apoptosis. 35 Interestingly, the effect of Bcl-2 on axonal outgrowth was shown to be dose dependent, similar to our observation on the effect of different gene doses of bim on neuronal differentiation. Bim binds to and 'neutralises' Bcl-2. It is tempting to speculate that endogenous Bim levels determine the amount of sequestered Bcl-2, and in doing so influence neuronal differentiation or axonal outgrowth.
Interestingly, such an effect was not observed in the pumaÀ/À mice, despite having a similar effect on cell survival and an otherwise identical genetic background. Both Bim and Puma have been shown to sequester Bcl-2 family members equally. 36 Therefore, Bim may have a specific and direct effect on neuronal differentiation. NeuN first appears in neuronal nuclei at a time point close to its withdrawal from the cell cycle. Evidence has been presented that although phosphorylated Bim can induce cell death in response to stress, it may also wt Figure 5 Bim deficiency accelerates differentiation of newly generated cells into neuronal phenotype. (a and b) Mice were injected with 50 mg/kg BrdU on 4 consecutive days and killed 24 h later. Brain slices were stained for BrdU (red) and NeuN (green), and colocalisation of the two markers was analysed in the DG by confocal imaging. Yellow arrows indicate double-labelled cells, and white arrows indicate cells positive for BrdU but negative for NeuN. In bimÀ/À mice, more BrdUpositive cells expressed NeuN (it is noted that there are more yellow than white arrows) compared with wt or pumaÀ/À mice. Images illustrate the coronal section plane (a and b), Z-plane of the reconstructed 3D image at the area of the SGZ (a 0 , b 0 ), and the reconstructed 3D image (a 00 , b 00 ) representing bim À/À (b-b 00 ) and wt (a-a 00 ) DG. (c) BrdU þ /NeuN þ and BrdU þ /NeuNÀ cells were counted and data are presented as total counts (top panel) and percentages (bottom panel). BimÀ/À mice had significantly more BrdU þ /NeuN þ cells compared with wt (Po0.007), bim þ /À (P 0.027), and puma À/À (Po0.01) in total cell counts. A comparison of the ratios of BrdU þ /NeuN þ and BrdU þ /NeuNÀ cells between genotypes showed that bimÀ/À had significantly more BrdU þ /NeuN þ cells than wt (Po0.05) and pumaÀ/À (Po0.05) mice. Bim þ /À mice also had significantly more BrdU þ /NeuN þ cells compared with wt (Po0.05) and pumaÀ/À (Po0.01). Error bars represent S.E.M. n ¼ 5 mice per genotype). Scale bar 25 mm.
facilitate the ordered execution of mitosis. 37 It is noted that Bim phosphorylation during mitosis occurs downstream of bFGF signalling, and that the latter is necessary and sufficient to maintain multipotency and promote the proliferation of neuronal progenitor cells in the adult hippocampus. 38 Although it is possible that the effect on neuronal differentiation is specific to Bim, the difference between Bim and Puma can also be explained by the fact that Bim is physiologically expressed and detectable in the neurogenic regions of the brain, whereas Puma may be absent unless transcriptionally induced during stress-induced apoptosis.
In conclusion, we identified the BH3-only proteins Bim and Puma to be implicated in the regulation of survival of newly generated cells in the hippocampal DG of adult mice, and provide new evidence for a role of the BH3-only protein Bim in the process of neuronal differentiation. Further research will be necessary to reveal the molecular mechanisms involved in this process. Uncovering the mechanisms involved in survival and/or differentiation of cells generated in the adult brain will be of benefit to understand how the newly generated cells might be used for regeneration of damaged brain tissue.
Materials and Methods
Animals. Animal experiments were carried out under licence from the Department of Health and Children (Ireland) and procedures were reviewed and approved by the Research Ethics Committee of the Royal College of Surgeons in Ireland. All efforts were made to minimise animal use and discomfort. Animals were housed in a specialised animal facility (five per cage) and had ad libitum access to standard food and water and a light/dark cycle of 12 h. At the age of 10 weeks, a total number of 10 male mice per genotype (bimÀ/À, bim þ /À, pumaÀ/À), and wild-type (wt) animals of the same genetic background (C57BL/6) were used in this study. The gene-deficient animals were kindly provided by Prof Andreas Strasser (Walter & Eliza Hall Institute of Medical Research, Melbourne, Australia) and genotyped as previously described. 19, 39 BimÀ/À mice were generated using W9.5 ES cells; puma À/À mice were generated using Bruce4 ES cells. ES cell clones were microinjected into C57BL/6 blastocysts and mice were back-crossed into the C57BL/6 background.
BrdU administration. 5-bromo-2-deoxyuridine (BrdU, Sigma-Aldrich, Dublin, Ireland) was prepared at 10 mg/ml (65 mM) in 0.9% saline and injected intraperitoneally at 5 ml/kg to achieve an effective dose of 50 mg/kg as previously described. 40 At the age of 10 weeks, mice received one injection daily on 4 consecutive days. To assess proliferation, five animals of each genotype were killed 24 h after the last BrdU injection. A second set of five animals per genotype were killed 7 days later to study survival and differentiation of the newly generated cells.
Tissue preparation. Animals were killed by anaesthesia and transcardial perfusion with 20 ml ice-cold PBS followed by 20 ml 4% paraformaldehyde (PFA). Each solution was injected into the heart with an injection rate of 4 ml/min. Brains were removed, post-fixed in 4% PFA for 12 h at 4 1C, cryo-protected in 30% . Note that bim À/À and pumaÀ/À mice had significantly more total BrdU þ (including NeuN þ and NeuNÀ cells) and total BrdU þ /NeuN þ cells (BrdU þ /NeuN þ cells: bimÀ/À versus wt P ¼ 0.002, bimÀ/À versus bim þ /À P ¼ 0.003, pumaÀ/À versus WT P ¼ 0.04, comparing the total number of cells). There was no difference in the ratio of BrdU þ /NeuN þ to BrdU þ /NeuNÀ cells between genotypes (n ¼ 5 mice per genotype). Error bars represent S.E.M. Scale bar 25 mm sucrose/PBS until equilibrated, and frozen at À20 1C. The brains were stored in À80 1C until further processing. For analysis, brains were sliced into 10 mm coronal sections on a cryostat (Leica, Wetzlar, Germany) at À20 1C. As the starting point for collection, an anteriorposterior coordinate of À1.4 mm (from Bregma according to the Mouse Brain in Stereotaxic Coordinates, Paxinos and Franklin, Academic Press) was chosen. Sets of four consecutive brain slices were collected every 40 mm until the anteriorposterior coordinate of À2.4 mm (from Bregma) was reached. Brain slices belonging to one set of four consecutive slices were stained for the indicated marker proteins by immunofluorescence.
Immunofluorescence
BrdU labelling and BrdU/NeuN double-labelling. For BrdU labelling and BrdU/NeuN double-labelling, brain slices were washed in PBS, DNA was denatured with 2 N HCl for 20 min at 37 1C, and neutralised with 0.1 M borax buffer (pH9) for 20 min at room temperature. Following washing, the tissue was incubated with 10% fetal calf serum for 1 h at room temperature. Primary antibodies (rat anti-BrdU, AbD Serotec, Oxford, UK, 1/300; mouse anti-NeuN, Chemicon, Cork, Ireland, 1/500 or mouse anti-BrdU, BD Bioscience, Oxford, UK, 1/100) were diluted in blocking solution and applied overnight at 4 1C. After washing, the respective secondary antibodies (goat anti-rat 488, goat anti-mouse 568; goat anti-mouse 488, goat antirabbit 568, all Molecular Probes (Eugene, OR, USA), 1/1000 in blocking solution) were applied for 2 h at room temperature.
Doublecortin labelling. For labelling of DCX, brain slices were washed in PBS before incubation with 0.1% Triton X-100/PBS for 15 min on ice. Following washing in PBS, slices were blocked in 5% horse serum and 0.3% Triton X-100/ PBS for 30 min at room temperature. Slices were again washed in PBS and goat anti-DCX antibody (Santz Cruz, 1/100, Santa Cruz Biotech, Heidelberg, Germany) was applied in blocking solution overnight at 4 1C. After washing the secondary antibody, donkey-anti-goat rhodamine conjugated (Jackson Immunoresearch, Plymouth, PA, USA, 1/1000) was applied for 2 h at room temperature.
BrdU and doublecortin double-labelling. For double-labelling of BrdU and doublecortin (DCX), a combination of the protocols described above was used. First, brain slices were stained for DCX using goat anti-DCX and donkey-anti-goat fluorescein conjugated. Following washing, slices were then prepared for BrdU labelling and mouse anti-BrdU (BD Bioscience, 1/100) was used as primary antibody and goat anti-mouse 568 (Molecular probes, 1/1000) was used as secondary antibody.
Slices were embedded in DAPI-containing mounting media or incubated with Hoechst 33342, and then washed and mounted in FluorSave Reagent (Calbiochem, Merck Bioscience, Nottingham, UK).
Control experiments were performed by incubation with secondary antibodies only and no unspecific staining was observed.
DeadEnd fluorimetric TUNEL staining. Apoptotic cell death in the hippocampal DG was analysed using the DeadEnd Fluorimetric TUNEL System (Promega, Medical Supply Ltd, Dublin, Ireland). After washing in PBS, the tissue slices were permeabilised in 3% Triton X-100/PBS for 20 min, washed with 0.1% Triton X-100/PBS, and incubated with equilibration buffer for 15 min at room temperature. After equilibration, the TUNEL solution was applied to the slices for 90 min at 37 1C. The enzymatic reaction was terminated with 2 Â SSC for 15 min at room temperature. The slices were washed 3 Â 5 min in 0.1% Triton X-100/PBS, 2 Â 5 min in PBS and 1 Â 5 min in dH 2 O, and mounted with DAPI-containing medium.
Data quantification and statistical analysis. All images were acquired with an Eclipse TE 300 inverted microscope (Nikon, Surrey, UK) and a 40 Â oil objective with the SPOT imaging software (Diagnostic instruments, Sterling Heights, MI, USA) or by confocal laser scanning microscopy using the LSM 710 confocal microscope (Zeiss, Jena, Germany) and a 40 Â oil objective (NA=1.3). Images were further processed with Image J software (NIH, Baltimore, MA, USA) or the Zeiss Zen software package. Series of optical sections of tissue slices labelled for total nuclear DNA (DAPI), proteins (NeuN or DCX, Alexa 488-conjugated antibodies), and replicating DNA (BrdU detected using antibodies conjugated with Cy5) were subjected to blind deconvolution (25 iterations, noise suppression set to 'medium', AutoQuant, MediaCybernetics Inc., Bethesda, MD, USA). The data were visualised using alpha-blending projection with opacity linearly proportional to voxel intensity. The opacity curve was adjusted separately for each colour. The projections were generated with eight samples per voxel and 0.5 voxel radius Gaussian filtering. The projections were generated in directions perpendicular to xy xz planes or at an angle from 30 to 60 degrees to the xy plane. In the latter two cases, parts of the volume were removed to show nuclei labelled with BrdU. Processing and visualisation of the confocal data were carried out using AutoDeblur CWF ver. 2.1.3 (Media Cybernetics Inc.) or Volocity ver. 3.2. (PerkinElmer, Coventry, UK).
Cell counting was performed in a blinded manner on images registered with Eclipse TE 300 inverted microscope (Nikon) and a 40 Â oil objective. BrdU, DCX, or TUNEL-positive cells or cells double positive for BrdU and DCX or NeuN were counted in the DG of the hippocampus. Only cells within the SGZ and the GCL were included; cells without direct contact to the DG (located within the hilus) were excluded from counting.
Data are given as mean±S.E.M. Data were tested for normal distribution using the Shapiro-Wilk test of normality. Statistical significance of differences between means was evaluated by one-way ANOVA followed by Tukey's test for parametric or Mann-Whitney U-test for non-parametric data, and in all cases Po0.05 was considered significant.
